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Cavities with extremely narrow linewidth of 10− 100 Hz are required for realizing frequency de-
pendent squeezing to enable gravitational wave detectors to surpass the free mass standard quantum
limit over a broad frequency range. Hundred-meter-scale high finesse cavities have been proposed
for this purpose. Optomechanically induced transparency (OMIT) enables the creation of optome-
chanical cavities in which the linewidth limit is set by the extremely narrow linewidth of a high
Q−factor mechanical resonator. Using an 85mm OMIT cavity with a silicon nitride membrane, we
demonstrate a tunable linewidth from 3Hz up to several hundred Hz and frequency dependent noise
ellipse rotation using classical light with squeezed added noise to simulate quantum squeezed light.
The frequency dependent noise ellipse angle is rotated in close agreement with predictions.
PACS numbers: 42.25.Hz, 42.50.Wk
Introduction— The coherent interaction of laser radi-
ation with widely spaced mirror test masses is used to
measure gravitational wave induced motions in interfer-
ometric gravitational-wave detectors. The sensitivity of
first generation gravitational wave (GW) detectors such
as LIGO reached the quantum shot noise limit in the high
frequency part of the spectrum. In the second generation
detectors now under construction, quantum radiation-
pressure noise is expected to dominate at low frequen-
cies, while shot noise will dominate at high frequencies.
A region around 100Hz is limited by classical test mass
thermal noise, but as better optical coatings and test
masses become available, future detectors should be lim-
ited mostly by quantum noise.
In the late 1960s, Braginsky pointed out that there ex-
ists a Standard Quantum Limit (SQL) in gravitational
wave detectors [1], and proposed that quantum non-
demolition (QND) devices could beat the SQL [2]. In
2001, Kimble et al. [3] proposed QND interferometer
designs that involved the use of pairs of successive fil-
ter cavities for realizing frequency-dependent squeezing
(FDS) of the input squeezed light, or frequency depen-
dent (FD) homodyne detection in which the output field
of the detector is filtered in the frequency dependent way.
They pointed out that pairs of successive Fabry-Pe´rot fil-
ter cavities can be used to convert ordinary squeezed light
into FD squeezed light such that the sensitivity of the de-
tector across the entire frequency band is improved below
the SQL. Similar cavities could also be installed between
the interferometer output and the ordinary homodyne
detection to realize FD-homodyne detection. Recently
Chelkowski et al. demonstrated FD squeezed vacuum
using a short filter cavity in the MHz range [4]. In 2012,
Stefszky et al. demonstrated 11.6 dB squeezing in aLIGO
detection band [5].
To match the filter cavity linewidth to the corner fre-
quency of ground based laser interferometers where the
shot noise becomes higher than the radiation pressure
noise, the filter cavity must meet very demanding speci-
fications that require very long optical cavities with very
low optical losses. To optimize the sensitivity, adjustable
cavity linewidth and offset frequency locking are also re-
quired. For example, an aLIGO type GW detector re-
quires hundred-meter scale filter cavities of linewidth of
∼100Hz to optimize sensitivity [6].
In order to realize FDS in tabletop filter cavities,
Ma et al. proposed using optomechanically induced
transparency (OMIT) effect to achieve tunable narrow
linewidth [7]. The idea of OMIT is analogous to the elec-
tromagnetically induced transparency (EIT) phenomena
discovered in three-level atomic systems [8]. This phe-
nomenon was widely recognized and applied in various
fields of optics [9–12]. Recently, Mikhailov et al. pro-
posed to use EIT to create FD squeezed vacuum for GW
detectors. However, the high optical loss of EIT is still
an issue [13].
The OMIT phenomenon has been studied and demon-
strated by various research groups. Weis et. al [14] pre-
sented OMIT phenomena in a toroidal microcavity and
achieved a tunable linewidth of 50∼500 kHz compared
with the 15 MHz linewidth of the optical mode. Re-
cently, Karuza et.al[15] demonstrated the OMIT effect
in a membrane-in-the-middle setup at room tempera-
ture. They reported a maximum signal time advance
τT ≈ −108 ms of a probe pulse, which implies an OMIT
linewidth much narrower than those mentioned above
[14].
In reference [7], Ma et al. theoretically investigated us-
ing optomechanical interactions to achieve tunable nar-
row linewidth in a tabletop filter cavity which could in
principle be used to convert ordinary squeezed vacuum
to FD squeezed vacuum, or to shift the local oscillator
light phase with the appropriate frequency dependence in
output homodyne detection scheme. This configuration
allows possible realization of FDS in a table-top experi-
ment.
The experimental challenges of such a device are the
stringent demands for very low temperature and a very
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2low-loss optical cavity if optical dilution were used. The
optical dilution is realized by using optomechanical in-
teractions to increase the effective Q−factor of a given
mechanical resonator. To evade quantum back-action of
strong optical dilution, Chang et al. [16] and Ni et al.
[17] proposed using a nonlinear quadratic optical trap,
and more recently Korth et al. [18] proposed detecting
quantum back-action in the outgoing field and actively
feeding back to the system. The requirement for a low-
temperature operation of such a device is [7]:
8kBT
Qm
< ~Γopt, (1)
where T is the environmental temperature, Qm is the
mechanical Q−factor and Γopt is the effective cavity
linewidth. For an OMIT cavity with Γopt ≈ 2pi×100 Hz,
the temperature requirement is T/Qm < 6.0 × 10−10 K.
In 2008, Zwickl et al. reported that silicon nitride mem-
brane has mechanical Q > 106 at 293 K and Q > 107
at 300 mK [19]. And recently, Jayich et al. observed a
mechanical quality factor Q > 4× 106 of a silicon nitride
membrane placed at the center of an optical cavity at 400
mK [20].
In this letter, we use a noise-added signal light to mimic
the squeezed light in a room temperature system in which
a control light is injected into the same port for generat-
ing OMIT effect. We demonstrate frequency dependent
noise ellipse rotation in a tunable OMIT cavity in which
the linewidth can be tuned from 3Hz to several hundred
Hz. In order to measure the noise ellipse rotation of
the single-mode signal field by the lock-in technique [21],
we detect the beating of the signal field and the con-
trol field at the transmission port of the coupled system.
The result proves that the OMIT cavity has the same
amplitude and phase response as a simple filter cavity,
which can rotate the noise ellipse of a classical signal
light with squeezed added noise in close agreement with
the theoretical phase response. This shows the poten-
tial of FD squeezed vacuum generation in a small scale
compact system with future implementations of low tem-
perature environment and proper optical dilution.
The core elements of our OMIT apparatus consists of
an 85 mm high-finesse optical cavity with a high stress
silicon nitride membrane, which has a quality factor of
∼ 1.5 × 106 at the mechanical resonance. By changing
the frequency separation between signal field and control
field, we observed the angle rotation of noise ellipses of
the signal light, which is shown in Fig. 5.
Introduction— Optomechanical interaction happens
when beating between the control and signal optical fields
creates a radiation pressure that induces mechanical mo-
tion. This mechanical motion then modulates the control
field to produce an upper sideband which has the same
frequency as the signal field, but of opposite sign. That is,
the optomechanical interaction causes a backaction that
reduces the signal field to generate the OMIT effect. The
isolator
Laser
signal light
output
M1 M2
oscillator
FIG. 1: Configuration schematics (left) and frequency rela-
tionships. The signal light with squeezed added noise having
frequency ω respect to cavity resonance ωc is injected into an
optical cavity with a high Q−factor membrane in the mid-
dle which acts as an oscillator at the resonant frequency ωm.
The position of the membrane is chosen to introduce a linear
optomechanical coupling. The radiation pressure from the
beating between the signal light ωs = ωp + Ω and the con-
trol laser ωp coherently drives the mechanical oscillator which
in turns creates sidebands destructively interfering with the
signal light, which in effect rotates the noise ellipse angle.
linewidth of an OMIT cavity is determined by the sum of
the mechanical damping and the optomechanical damp-
ing associated with laser-cooling of the membrane by a
red-detuned control field. In the strong optomechanical
coupling regime, this tunable optomechanical damping
dominates over mechanical damping and thus sets the
linewidth of the system.
As shown in the right of Fig.1, the control laser at fre-
quency ωp maintains a strong control field ape
−iωpt in the
cavity at the resonant frequency ωc. A weak signal light
is injected into the same port (M1) as a small input term
δaˆin = aˆ
s
ine
−iωst. The frequency difference Ω between
the control field (ωp) and signal field (ωs = ωc+ω) needs
to be close to the mechanical resonant frequency ωm for
efficient driving of the mechanical mode.
The Hamiltonian which describes the system here is
given by:
Hˆ = ~(ωc +G0xˆ)aˆ†aˆ+ Hˆm + Hˆγ . (2)
Here, Hˆm = pˆ
2/2m + mω2mxˆ
2/2 is the Hamiltonian
of the mechanical oscillator. Hγ = −i~
√
2γ1aˆaˆ
†
in −
i~
√
2γ2aˆbˆ
†
in + h.c describes the interaction between the
intra-cavity field aˆ and external electromagnetic fields aˆin
and bˆin with interaction strengthes γ1 = cT1/4L and
γ2 = cT2/4L through the cavity mirrors M1 and M2
respectively. G0 is the linear optomechanical coupling
strength [22, 23].
Since the signal light aˆsin in our experiment is a classi-
cal field injected from the left in Fig. 1, we neglect the
vacuum fluctuation. In the rotating frame at frequency
ωp, we have:
χ(Ω)xˆ(Ω) = −~G¯0[aˆ(Ω) + aˆ†(−Ω)] + Fˆth, (3a)
aˆ(Ω) =
G¯0xˆ(Ω)
Ω−∆ + iγ +
i
√
2γ1aˆ
s
in(Ω)
Ω−∆ + iγ , (3b)
where γm and γ = γ1 + γ2 are the linewidths of the
mechanical oscillator and the cavity, χ(Ω) = m(ω2m −
Ω2 − iγmΩ) is the mechanical response function, and
3G¯0 is defined as G0a¯. The thermal force is a random
force of which the spectral density is given by SthFF(ω) =
4mγmkBT [24]. ∆ = ωc − ωp represents the detuning of
the control beam to the cavity resonance and we choose
∆ = ωm − δ ∼ ωm.
Since the lower sideband of the cavity mode is far de-
tuned from the cavity resonance point, our system sat-
isfies the resolved sideband limit. In this case, we only
have the upper sideband cavity mode:
aˆ(Ω) ≈ G¯0
iγ
xˆ(Ω) +
√
2γ1
γ
aˆsin(Ω). (4)
Here we make use of the near resonance approximation:
Ω −∆ = ω  γ. Substitute (4) into the radiation pres-
sure force term in (3a), the equation of motion for me-
chanical oscillator can be written as:
χeff(ω)xˆ(Ω) = −
√
2γ1~G¯0
γ
aˆsin(Ω) + Fˆth, (5)
in which the effective mechanical response function χeff
is: χeff(ω) ≈ −2mωm(ω − δ + iγm) − i~G¯20/γ. Here,
we use the near-resonance approximation for χeff(Ω) in
(3a). In our system, the thermal force Fˆth with the spec-
trum density SthFF ∼ 10−30 N2/Hz is negligible compared
with the radiation pressure force of the classical added
noise field and the control field with the spectrum den-
sity SnFF ≈ 2γ1(~G¯0|δaˆsin|)2/γ2γm ∼ 10−21 N2/Hz for
measurements shown in Fig. 4 and 5.
Substitute (5) into (4) and use the relation between
the transmitted field and injected field aˆtrans =
√
2γ2aˆ,
we have effective transmissivity:
t(Ω) = 2
√
ηc(1− ηc) Ω− ωm + iγm
Ω− ωm + iγm + iΓopt , (6)
where the cavity coupling parameter is ηc = γ1/(γ1 +γ2).
The characteristic frequency Γopt is defined to be equal
to ~G¯20/2mωmγ. Equation (6) shows that OMIT can
give rise to a filter cavity with linewidth that can ap-
proach γm. Using a mechanical oscillator with a suffi-
cient high-Q factor, we can create an OMIT cavity with
linewidth of several hundred Hz in which γm is negli-
gible since γm  Γopt. When the frequency detuning
|Ω − ωm| 
√
γmΓopt, the phase φ(Ω) of the system
transmissivity can be written as:
φ(Ω) = − arctan ( Γopt
Ω− ωm ) (7)
which is equivalent to the transmissivity phase response
of a simple Fabry-Pe´rot cavity with the resonant point
at Ω = ωm. The linewidth Γopt is much smaller than
the original cavity bandwidth γ, and is tunable, prin-
cipally through G¯0 which depends on the control light
input power [14].
When we inject the signal light into the system at dif-
ferent frequencies, we will observe a rotation of the noise
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FIG. 2: (Color online)Experimental setup. The 85 mm long
cavity sits in a vacuum chamber with a central silicon ni-
tride membrane oscillator(1mm×1mm×50nm, effective mass
40 ng). The green line represents the locking light for stabiliz-
ing the laser frequency to the cavity resonance using Pound-
Drever-Hall (PDH) method [25]. The blue line represents
the control light, with polarization orthogonal to the locking
light. The broadband electro-optic modulator (BEOM) gen-
erates an upper-sideband from the control light, which is our
signal light (red line). The ∆ ∼ 400 kHz for the control light
was created using a pair of 80 MHz AOMs in the locking path.
ellipse at the cavity output. For the single mode signal
field with classical squeezed added noise, the rotation an-
gle θ(Ω) is determined by the phase response φ(Ω) of the
cavity transmissivity t(Ω), which is given by:
θ(Ω) = − arctan Γopt(Ω− ωm)
(Ω− ωm)2 + γmΓopt (8)
which is shown as theoretical curves in Fig. 4 (b)(c).
Experimental Scheme— In our experimental setup
shown in Fig. 2, weak signal light is generated by pass-
ing the carrier control light through a broadband electro-
optic modulator (BEOM). The BEOM modulates the
control light and generates an upper-sideband, which is
our signal field. The lower sideband (ωp − Ω) generated
by the BEOM is far detuned from the cavity resonance,
so it is totally reflected and can only be neglected at the
transmission port. This method guarantees a common
optical path for the signal light and the control light
so as to avoid the fluctuating phase difference from an
unlocked optical path. The voltage V = A cos Ωt from
function generator FG1, acting on the BEOM with mod-
ulation index β = 15 mrad/V, determines the amplitude
|aˆsin| = βA|aˆcin| and the frequency ωs = ωp + Ω of the
signal light. By adding random noise δA to the voltage
amplitude A, we increase the amplitude uncertainty of
the signal light to simulate the “phase squeezed light”.
Our optical cavity was mounted on an invar spacer
machined by electrical discharge machining with accu-
racy of 0.1 µm and fixed in a vibration isolated vacuum
tank. The M1 and M2 were clamped at the ends of
the spacer. In order to optimize the optical coupling,
we built an over-coupled cavity. The transmissivity T1
of M1 was chosen to be much larger than that of M2
(T1 = 245.1 ± 2.8 ppm, T2 = 16.93 ± 0.20 ppm). This
4experiment was conducted at room temperature using a
1064nm Nd:YAG laser.
The mechanical oscillator in this study was a high
Q−factor stoichiometric silicon nitride membrane win-
dow. In order to adjust the position and alignment of
the membrane in the vacuum, it was attached to a piezo-
electric actuator which was glued to a motorized optical
mounts attached to the invar cavity spacer. To reduce the
bonding loss, the membrane frame was bonded onto the
actuator with Yacca gum, a natural resin with low intrin-
sic loss [26]. After gluing, we measured the quality factor
of the membrane with a He-Ne laser to characterize the
extra mechanical loss γgas introduced by the background
gas. When the background gas pressure Pgas is smaller
than 3×10−5 mbar, the gas damping was negligibly small
and the membrane quality factor was ∼ 1.5 × 106 at its
mechanical resonance ∼ 400 kHz. (cf. Appendix A in
supplemental material [27])
Optomechanically induced transparency—In our sys-
tem, the linewidth of the OMIT cavity can be changed
in two ways: (a) The input power of the control light
can be adjusted by a half-wave plate before a polarized
beam splitter (PBS3 in Fig. 2). (b) The coupled cavity
linewidth γ and the optomechanical coupling strength
G0 can be tuned by changing the position and alignment
of the membrane in the cavity [22, 23](cf. Appendix B
in [27]). We achieved a widely tunable linewidth of the
OMIT cavity changing from 3 Hz to several hundred Hz.
In order to achieve an extremely narrow linewidth, we
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FIG. 3: Detected OMIT transmissivity. (a)Normalized trans-
missivity amplitude |tn(Ω)| vs. frequency offset ∆f (Hz),
where ∆f ≡ Ω/2pi−402.5kHz. The control light powers were
0.5, 1.3, 2.7 and 4.0 mW respectively. (b) Transmissivity
amplitude vs. frequency difference Ω/2pi (kHz) in a span of
200kHz. The coupled cavity full linewidth was 170 kHz in this
measurement. (c) Normalized transmissivity amplitude peak
value |tn(Ω − ωm = 0)| vs. the control light input power.
(d) OMIT cavity full linewidth vs. the control light input
power. The full linewidth data correspond to the Lorentzian
transmissivity of the OMIT cavity. In this measurement, the
mechanical resonance frequency was ωm = 2pi × 402.7 kHz.
tuned the position and alignment of membrane and re-
duced the control light input power until the characteris-
tic frequency Γopt was close to the mechanical linewidth
γm. In Fig. 3, we show the experimental results for
the lowest linewidth data 3∼15 Hz. Here, we define an
normalized transmissivity amplitude as tn(Ω) ≡ t(Ω)/t0,
where t0 is the transmissivity amplitude of the signal
light in the absence of the control field. The measure-
ment data points in Fig. 3 (c) and (d) are well matched
with the theoretical model shown as the black solid lines.
Frequency dependent noise ellipse rotation— The
above results show that OMIT effect can be used to cre-
ate cavities with tunable linewidth down to a few Hz.
We now demonstrate that such cavities have the appro-
priate phase response, and that they rotate the angle of
the noise ellipse of the signal light as required for one
simple filter cavity.
In order to characterize the noise ellipse rotation of
the signal light in phasor diagram, we tuned the OMIT
cavity linewidth to several hundred Hz and demonstrate
the noise ellipse rotation in phasor diagram. The phase
response and the rotation angles of the noise ellipses are
detected by lock-in technique (See Fig. 2 and [21]). We
take results of the coupled caivity with linewidth of ∼ 600
Hz as an example.
In Fig. 4 (a) and (b), we show the experimental results
of the amplitude |t(Ω)| and the phase φ(Ω) of the OMIT
cavity transmission. The phase drop in the vicinity of
the OMIT cavity (|Ω − ωm| <
√
γmΓopt) resonance was
measured and shown in Appendix C [27].
In Fig. 4 (c) and Fig. 5, we show the measured rotation
angles θ(Ω) and the corresponding normalized noise el-
lipses in phasor diagram [28]. As shown in Fig. 4 (c), the
measured results for angle rotation of the noise ellipses
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FIG. 4: OMIT cavity transmissivity amplitude |t(Ω)| (a),
phase φ(Ω) (b) and rotation angle θ(Ω) (c) of the noise ellipse
as a function of ∆f (kHz). The frequency offset is defined as
∆f ≡ Ω/2pi − 390kHz. In this measurement, the mechanical
resonance frequency was ωm = 2pi × 394.6 kHz.
50 20 40 60 80 100
MIN MAX
1.1 kHz
3.2 kHz 3.8 kHz
5.8 kHz 6.2 kHz 8.0 kHz7.0 kHz
5.0 kHz4.9 kHz
4.2 kHz4.0 kHz
3.0 kHz2.0 kHz0.0 kHz
4.76 kHz 5.2 kHz
FIG. 5: Contour plots of the normalized noise ellipse in pha-
sor diagram at different frequency offsets ∆f corresponding
to (c) in Fig. 4. In each phasor diagram, the horizontal
axis is the amplitude quadrature and the vertical axis is the
phase quadrature. The frequency offset of the OMIT cavity
resonance is 4.6 kHz. As the frequency offset increases, the
rotation pattern is changed from 0◦ (off resonance) to 90◦
anticlockwise. Near the resonance, it flips by −180◦. Above
resonance, the rotation pattern is changed from −90◦ to 0◦
anticlockwise.
well match both the theoretical model and the previous
measurement of the phase φ(Ω).
Conclusion— We have shown an extremely narrow
cavity linewidth created by optomechanical interaction
in an optical cavity with a silicon nitride membrane in
the middle. Classical light with a noise ellipse simulating
quantum squeezed light was injected into the cavity. It
demonstrates the frequency dependent noise ellipse rota-
tion. The rotation angle follows the theoretical prediction
in the detection band of advanced gravitational wave de-
tectors. To use the current setup to develop a system for
realizing frequency dependent squeezed vacuum in GW
detectors in the future, it will be necessary to cool the
resonator to the mK temperature range and dilute the
mechanical losses by optical springs as discussed in ref-
erences [7] and [18].
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APPENDIX
A: Mechanical linewidth
When the background gas pressure Pgas > 10
−2 mbar,
the size of the membrane is ignorable compared with
the mean free path of the background gas. This satis-
fies the requirements for the non-interacting gas molecule
model [1]. The background gas leads to a mean damp-
ing force dp/dt = −γgasp/2. The background gas damp-
ing rate is γgas = 16Pgas/(piρmdv¯gas), where d = 50 nm
is the membrane thickness and v¯gas =
√
3RT/Mgas is
the gas mean speed [2]. The quality factor is given by
Q = 2piωm/(γm + γgas).
We used He-Ne laser to measure the ringdown time τ
of the mechanical oscillation amplitude in different pres-
sures. The quality factor is given by Q = pifτ . As shown
in Fig. 1, when the background gas pressure Pgas reach
the order of 10−5 mbar, γgas is negligible small and the
quality factor of the membrane is ∼ 1.5× 106 at its res-
onant frequency of ∼ 400 kHz.
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FIG. 1: Measured membrane quality factor vs background
gas pressure.
B: Coupled cavity linewidth γ and optomechanical
coupling constant G0
In the coupled cavity system, optical absorption by the
membrane changes the coupled cavity F(z) in different
positions along the cavity axis [3, 4]. The coupled cav-
ity linewidth γ = pifFSR/F , where fFSR = c/2L is the
free spectral range of the cavity. According to previous
theoretical work [3], the coupled cavity finesse F(z) is a
periodic function of the membrane position z with period
equal to half wavelength of the optical mode. In Fig. 2,
we show the experimental results of the coupled cavity
finesse F(z) as a function of z. And the optical loss of the
system also depends on the alignment of the membrane
in the transverse plane orthogonal to the cavity axis.
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FIG. 2: Coupled cavity finesse F(z) vs. membrane position
z. Optical wave length is λ = 1064 nm. The empty cavity
finesse is F0 = 22400. The membrane index of refraction
n = 2 + 2.5× 10−5i.
The linear optomechanical coupling constant G0 is the
change of cavity resonance frequency per unit displace-
ment of the membrane. In our setup, we have:[4]
G0 = ∂zωc(z) = ∂z[
c
L
arccos(|rm| cos 4piz
λ
)], (1)
where rm is the electronic field reflectivity of the mem-
brane. Therefore, the coupling constant G0 depends on
the center-of-mass position along the cavity axis.
C: Phase response near the OMIT cavity resonance
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FIG. 3: The phase φ(Ω) of the OMIT cavity transmission.
The minimum sweep step was 0.25 Hz and the intensity of
the signal on the resonance was very small.
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